INTRODUCTION
The Drosophila larval brain neural stem cell, or neuroblast (NB), has recently emerged as a new model for studying stem cell self-renewal and tumorigenesis (Doe, 2008; Gö nczy, 2008; Januschke and Gonzalez, 2008; Neumü ller and Knoblich, 2009; Wu et al., 2008) . NBs divide asymmetrically to generate a selfrenewing daughter NB and a ganglion mother cell (GMC) that is committed to differentiation. Asymmetric localization/segregation machinery ensures the polarized distribution of ''proliferation factors,'' including atypical protein kinase C (aPKC), and ''differentiation factors,'' including basal proteins such as Numb, Miranda (Mira), Brain tumor (Brat), and Prospero, to the daughter NB and GMC, respectively (Bello et al., 2006; Betschinger et al., 2006; Ikeshima-Kataoka et al., 1997; Knoblich et al., 1995; Lee et al., , 2006b Lu et al., 1998; Rhyu et al., 1994; Shen et al., 1997; Wang et al., 2006; Wodarz et al., 2000) . The failure of asymmetric division of NBs can result in their hyperproliferation and the induction of tumors (Caussinus and Gonzalez, 2005) .
To ensure the correct asymmetric segregation of cell fate determinants, the mitotic spindle has to be properly oriented with respect to the polarized proteins on the cell cortex (Kaltschmidt and Brand, 2002) . Inscuteable (Insc) and the heterotrimeric G proteins Gai and Gbg and their regulators Partner of Insc (Pins) and Ric-8 control mitotic spindle orientation (Fuse et al., 2003; Hampoelz et al., 2005; Kraut et al., 1996; Schaefer et al., 2001; Wang et al., 2005; Yu et al., 2000 Yu et al., , 2003 . Ultimately, a Pinsbinding protein Mushroom body defect (Mud) controls spindle orientation probably by interacting directly with astral microtubules (Bowman et al., 2006; Izumi et al., 2006; Siller et al., 2006) .
Recent work has also implicated centrosome-associated proteins in the regulation of spindle orientation and tumorigenesis (Gonzalez, 2007) . Centrosomes function as major microtubule-organizing centers in most animal cells. A centrosome is composed of a pair of centrioles surrounded by an amorphous matrix of pericentriolar material (PCM) (Bettencourt-Dias and Glover, 2009 ). Centriole duplication is regulated by centriolar components, such as Asterless (Asl), Sas6, Sas4, and anastral spindle 2 (Ana2) (Basto et al., 2006; Dzhindzhev et al., 2010; Rodrigues-Martins et al., 2007; Stevens et al., 2010; Varmark et al., 2007) . The loss of PCM proteins Aurora-A (Aur-A), Polo, or Centrosomin (CNN) causes NB overproliferation (Lee et al., 2006b; Wang et al., 2006 Wang et al., , 2007 . ana2 was identified from genome-wide RNA interference (RNAi) screens, where ana2 RNAi-treated S2 cells exhibited an anastral spindle phenotype (Dobbelaere et al., 2008; Goshima et al., 2007) . The Ana2 overexpression phenotype and its interaction with Sas6 have suggested a role for Ana2 in centriole duplication (Stevens et al., 2010) . However, no ana2 mutants were previously available for further functional studies.
Here, we have isolated two ana2 alleles that are defective in apical/basal spindle orientation during NB asymmetric division. We demonstrate that Ana2 is a tumor suppressor that suppresses NB overproliferation. The centriolar protein Ana2 directly interacts with Ctp, a dynein light chain that also localizes to the centrioles, and Mud, leading to their localization to the centrosomes. Our finding suggests that the tumor suppressor Ana2 ultimately regulates Mud function to direct asymmetric division and prevent tumor formation.
RESULTS

Ana2 Is a Tumor Suppressor that Inhibits Larval Brain NB Overgrowth
To identify novel players that regulate NB self-renewal, we screened a collection of approximately 600 late larval or pupal lethal mutations on the second chromosome that were induced by the mutagen EMS (C.W. and H.W., unpublished data). We identified a complementation group comprising two mutants, l(2)169 and l(2)719, that exhibited supernumerary NBs in larval brains ( Figures 1A-1C) , as indicated by an NB marker, Deadpan (Dpn). Genetic and molecular mapping data suggested that each of them carried a nonsense mutation in the coding region of the ana2 (anastral spindle 2), resulting in two truncated Ana2 proteins at L222 and R175, respectively ( Figure 1F ). We refer to these mutants as ana2 169 Figure S1C ; data not shown). Using an anti-Ana2 antibody that recognizes both the N and C terminus of the protein, Ana2 was undetectable in ana2 169 Figure S1D ; n = 20).
To investigate Ana2 function in specific NB lineages, we generated MARCM (Mosaic Analysis with Repressible Cell Marker; Lee et al. [2000] ) clones in both type I and type II NB lineages. Type I NBs divide to produce a NB and a GMC, whereas in eight Asense-negative type II NBs, intermediate neural progenitors (INPs) derived from NBs undergo several rounds of asymmetric divisions to produce multiple GMCs (Bello et al., 2008; Boone and Doe, 2008; Bowman et al., 2008 To further elucidate the function for Ana2 in NB homeostasis, we examined Mushroom body (MB) NBs in the larval brains. The MB is derived from MB NBs and is involved in olfactory learning and memory (Jefferis et al., 2002) . There were four MB NBs in WT larval brains labeled by OK107-Gal4, a MB-specific driver, and UAS-CD8-GFP ( Figure 1K ). However, there was an $5-fold increase of Mira-positive MB NB-like cells in ana2 169 mutant brains ( Figure 1L ; WT, 4, n = 10; ana2
169
, 21 ± 3.3, n = 19), suggesting an overproliferation of MB NBs.
To ascertain whether ana2 mutant tissue can cause tumorigenesis, brain tissues carrying ana2 mutant clones labeled with GFP were transplanted into the abdomen of WT hosts. Seventeen percent (n = 47) of the ana2 169 and 5% (n = 40) of the ana2 719 mutant clones proliferated massively, formed tumors, and killed the hosts rapidly in comparison with control clones expressing a-tubulin-GFP, which did not proliferate after implantation (Figures 1M and 1N ; data not shown). One hundred percent (n = 34) of ana2 169 mutant tissues developed tumors in subsequent rounds (T1 and T2) of transplantations, suggesting that the ana2 mutant NBs led to malignant tumor-like growths.
Ana2 Regulates Mitotic Spindle Orientation during NB Asymmetric Division
The correct cortical polarity of all apical and basal proteins analyzed, including aPKC, Numb, and Mira, was retained in ana2 À mutants (Figures S1E and S1H; data not shown). However, ana2 mutants showed severe defects in the mitotic spindle orientation (Figures 2A-2F ). In WT metaphase NBs, the Insc cortical crescent overlying with one of the spindle poles is aligned with the axis of the mitotic spindle (Figures 2A and 2B; (0) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) n = 55 mutant was fully rescued by the expression of the Venus-Ana2 ( Figure S1F ; 100% within 0 -15 , n = 51). As a result of spindle misorientation, 5% ( Figure 2H ; n = 200) of ana2 À telophase NBs segregated both aPKC and Pon into both daughter cells, whereas 100% WT (n = 200) NBs exclusively segregated them into different daughters ( Figure 2G ). We next analyzed the cell division of NBs in ana2 mutants, by performing time-lapse experiments on living whole-mount brain explants expressing a-tubulin-GFP . In control larval brains all NBs divided asymmetrically to give rise to two daughters with distinct cell sizes ( Figure 2J ; n = 20). However, $10% of ana 169 NBs divided symmetrically into two similar-sized daughters ( Figure 2K ; n = 31).
Ana2 Is Essential for Centrosome Assembly
A recent study suggested that Ana2 localized to centrioles in spermatocytes (Stevens et al., 2010 Figure S2A ) and mitosis (data not shown). VenusAna2, when expressed under the control of a NB-specific driver worniu-Gal4 at 18 C, was seen on centrosomes in larval brains ( Figures 2L-2L 000 ), resembling WT Ana2 localization. Ana2 localization was abolished in asterless 1 (asl; Figure S2C ) and sas4 l(3)s2214 ( Figure S2D ) mutant NBs, which lack centrioles. We then investigated whether centriolar and PCM proteins require Ana2 to be correctly localized. In the ana2 719 mutant the localization of the centriolar markers Sas4 (Figure S2F) and Fzr ( Figure S2H ; GFP-Fzr; Raff et al. [2002] ) and the PCM proteins CNN ( Figure S2J ), g-tubulin ( Figure S2L ), and D-TACC ( Figure S2N ) was abolished, unlike in the control ( Figures S2E, S2G , S2I, S2K, and S2M). Aur-A localization to the spindle poles was largely diminished in the mutant compared with WT NBs (Figures S2O and S2P) . In ana2 mutant NBs no astral microtubules could be detected, and the spindles were not focused at the poles during mitosis ( Figures 2C  and 2E , arrows, in contrast to WT Figure 2A ). These defects further indicated a compromised centrosome function (Basto et al., 2006) .
Cut up Localizes to the Centrioles and Regulates Spindle Orientation
We isolated Cut up (Ctp), which, upon attenuation by RNAi, resulted in a spindle misorientation in NBs, from a collection of around 200 genes whose products were known to be associated with the cytoskeleton (S.L. and H.W., unpublished data). In Ctp RNAi induced using insc-Gal4, 48% (n = 29) of the NBs displayed a random alignment of the mitotic spindle with asymmetrically localized Insc (data not shown). Ctp encodes dynein light-chain 1 (Ddlc1), a component of cytoplasmic dynein that is a microtubule minus-end directed motor complex composed of two identical heavy chains, two intermediate chains, and several light chains. The Lis1/Dynactin complex regulates mitotic spindle orientation during NB divisions (Johnston et al., 2009; Siller and Doe, 2008 Figure 3C ; data not shown) in NBs that were similar to Ctp RNAi. In ctp exc6 metaphase NBs, 40%
(n = 70) had randomized spindle alignment with asymmetrically localized Insc ( Figures 3C and 3D ), whereas 100% (Figures 3A and 3B; n = 38) of WT NBs properly aligned their spindle with the Insc cortical crescent. ctp À NBs segregated their asymmetric proteins into different daughter cells during telophase (100%, n = 185; data not shown), a phenomenon termed ''telophase rescue'' also observed in many previously described mutants, such as pins À (Yu et al., 2000) . In addition, among ctp exc6 NBs that had misoriented spindles, 62% (Figure 3C , arrow; n = 31) of them lacked astral microtubules, suggesting that Ctp was also important for organizing astral microtubules during division. Ctp is highly expressed in the Drosophila embryonic CNS, as shown by an enhancer trap line and RNA in situ hybridization (Phillis et al., 1996) . To investigate the subcellular localization of Ctp during NB divisions, we generated a transgenic Ctp construct with a Venus tag at the N terminus and expressed it in larval NBs using the insc-Gal4 driver. Venus-Ctp was localized prominently to the centrosomes, colocalizing with Ana2 ( Figures  3E and 3E 0 ) and g-tubulin (Figures 3F and 3F 0 ). Venus-Ctp is also seen on astral microtubules at a higher exposure (Figures 3H and 3H 0 ), in addition to its localization to the mitotic spindle and cytoplasm during NB divisions ( Figure 3F ). Venus-Ctp expression using an insc-Gal4 driver rescued the spindle misorientation phenotype in ctp exc6 NBs (data not shown). To further examine whether Ctp was localized to the centrioles or to the PCM, we first examined the localization of Venus-Ctp in nondividing cells or GMCs in larval brains, which contain centrioles but lack PCM proteins. Venus-Ctp was present in those nondividing brain cells and GMCs, colocalizing with Sas4 (Figures 3G-3G 000 ). We then investigated Ctp localization in spermatocytes, which contain centrioles that are approximately ten times larger than somatic centrioles. During prophase of meiosis I, paired centrioles appear as two rods joined to form a V-shaped structure that colocalize with the PCM. At this stage, Ctp localized to the distal ends of centrioles and was excluded from the proximal centrioles ( Figure 3I ). During prometaphase, PCM reorganization occurred and led to a compact localization of PCM at the vertex of the V-shape structures. Ctp was localized to the centrioles but not to the PCM during prometaphase ( Figure 3I ). During mitosis in spermatogonia, Ctp was undetectable on centrioles during mitosis, probably due to its weak expression (data not shown). The centriolar proteins Asl and Ana2, as well as the PCM proteins (M and N) Larval brain tissues from the control (a-tubulin-GFP) and ana2 169 expressing a-tubulin-GFP were implanted in WT hosts.
Scale bars, 10 mm in (A)-(C) and 5 mm in (G)-(L). See also Figure S1 .
CNN, g-tubulin, D-TACC, and Mini spindles (Msps), remained appropriately localized in the ctp À mutant (Figures 3L and S3A-S3H), indicating that Ctp was not essential for the assembly of centrosomes in NBs.
Given that Ctp is a dynein light chain that is part of the dynein complex, we investigated whether dynein heavy-chain Dhc64C played any role in spindle orientation. In dhc64C [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] MARCM clones the spindle misorientation phenotype was RNAi showed a mild spindle orientation phenotype (data not shown). Therefore, both the heavy-chain Dhc64C and the light-chain Ctp played a role in the spindle orientation of NBs.
Ana2 Interacts Directly with Ctp and Anchors It to Centrioles
We wondered whether Ana2 interacted directly with Ctp to regulate spindle orientation. We first ascertained whether Ana2 and Ctp can physically interact in a two-hybrid assay. Ctp interacted with full-length Ana2 in this assay but failed to interact with the C terminus of Ana2, which lacks the coiled-coil domain (C1; Figure 4A) . Both the N-terminal Ana2 without the coiled-coil domain (N2, 1-200 amino acids [aa] ) and the coiled-coil domain alone (201-274 aa) interacted with Ctp ( Figure 4A ). Ana2 and Ctp formed a complex in vivo in coimmunoprecipitation experiments performed on larval brain protein extracts upon overexpressing Venus-Ctp ( Figure 4C ). A similar conclusion was reached by performing the coimmunoprecipitation experiments in S2 cells transfected with HA-tagged Ctp and Myc-tagged Ana2 (Figure 4D) . Therefore, Ana2 and Ctp interacted in vitro and in vivo. We then examined if the localization of Ctp was dependent on Ana2 function. In the ana2 169/719 mutant, Ctp localization to the centrioles was abolished in dividing NBs ( Figure 3N ), compared with the proper localization in a control ( Figure 3M ), implying that the centriolar localization of Ctp was Ana2 and/or centriole dependent. The astral microtubule and spindle localization of Ctp were also drastically reduced in the ana2 mutant NBs (data not shown), whereas Ctp was not required for Ana2 localization to the centrioles ( Figure S3D ). Because ana2 loss-offunction mutants did not make centrosomes, we generated an ana2 weak loss-of-function condition, using Ana2 RNAi induced by insc-Gal4 in an ana2 719 /+ background. In these ana2 mutant NBs, 75% displayed a spindle misorientation phenotype (Figures 5K, 5K 0 , and 5L; n = 126). In these ana2 knockdown NBs, 61% (n = 126) of the cells did not have any obvious localization of Ana2 or CNN and did not assemble any centrosomes, whereas 29% of them had normal localization of both proteins (data not shown). In the remaining 10% of NBs where Ana2 was present but strongly reduced, Venus-Ctp failed to localize to the centrosomes (n = 126; Figure 5M ), suggesting that Ana2 was required for proper Ctp localization on centrioles.
Ana2 N1 Interacts with Ctp and Is Sufficient for Its Function in Centrosome Assembly and Spindle Orientation
To define the region of Ana2 that interacted with Ctp, we generated transgenic flies expressing truncated constructs of Ana2 that were fused to Venus. Ana2 N1 (aa 1-274) or C2, both of which contain the predicted coiled-coil domain, was correctly localized to the centrosomes, colocalizing with g-tubulin ( Figures S5A,  S5A 0 , S5D, and S5D 0 ). Ana2 N2, which interacted with Ctp but lacked the coiled-coil domain, was largely cytoplasmic and weakly localized to the centrosomes ( Figures S5C and S5C 0 ), whereas Ana2 C1 was widely dispersed in NBs ( Figures S5B  and S5B 0 ). To define the domain of Ana2 important for its centriole assembly and spindle orientation functions, we introduced these truncated Ana2 constructs into ana2 mutant NBs and tested whether they rescued centrosome assembly or spindle orientation defects. The expression of these constructs was verified via western blotting from protein extracts of larval brains (Figure S4C) . In ana2 169/719 NBs, only Ana2 N1, but not Ana2 N2 or C2, colocalized with Sas4 and g-tubulin on the centrosomes, suggesting that the endogenous Ana2 may facilitate Ana2 N2 and C2 localization to the centrosomes (Figures S5E-S5H ). Ana2 N1 almost fully rescued centrosome assembly and spindle orientation defects of ana 169/719 mutants ( Figures 5A, 5A 0 , and S5E-S5E 00 ). The remaining truncated Ana2 constructs failed to localize to the centrosomes and did not rescue spindle misorientation in ana 169/719 mutants ( Figures S5F-S5H and 5B-5D 0 ; data not shown). These data indicated that the N-terminal 1-274 aa of Ana2, which interacted with Ctp, was both necessary and sufficient for Ana2's localization to the centrosomes and function in spindle orientation.
Ana2, Ctp, and Mud Are Required for the Engagement of Spindle Poles to Centrosomes
Ana2 and Ctp colocalized with Mud to the centrosomes/spindle poles in cycling NBs ( Figures S3I-S3I 000 ). Mud seemed to localize to the spindle pole/PCM, but not the centrioles in NBs, because Mud was not detected at the centrioles in nondividing cells or GMCs in larval brains (data not shown). In addition, Mud localized neither to the centrioles nor to the PCM and appeared on spindle poles and spindle microtubules in spermatocytes ( Figure 3J ). NuMA (nuclear mitotic apparatus protein), the distant mammalian homolog of Drosophila Mud, regulates spindle pole organization (Du et al., 2001) . WT mitotic NBs always displayed focused spindle poles with the centrosomes localized to the center of the spindle poles ( Figure S5I ; 100%, n = 109). In mud 1 mutants, centrosomes marked by CNN were often detached from the spindle poles, labeled by a-tubulin (Figure S5L ; 20%, n = 100), suggesting that Mud was required for linking the centrosomes to the spindle poles in NBs. During prophase, 8% of NBs displayed disorganized astral microtubules ( Figure S6B ; n = 100) in mud 1 NBs, whereas 100% (Figure S6A ; n = 100) of control NBs had normal asters. mud 1 cells exhibited spindle misorientation, with 20% ( Figure 6F ; n = 44) lacking astral microtubules in metaphase, suggesting that Mud played a role in astral microtubule assembly. In insc-Ana2 RNAi, ana2 719 /+ ( Figure S5J ; 12%, n = 100), and ctp mutant NBs ( Figure S5K ; 32%, n = 100; also refer to illustrations in Figures S5N and S5O ), unfocused spindle poles and disengagement of spindle poles from the centrosomes were also observed. Therefore, Ana2, Ctp, and Mud all participated in the process of spindle pole assembly and centrosome-spindle pole attachment, which may have, in turn, partially contributed to their roles in spindle orientation.
Ana2 and Ctp Directly Interact with Mud, and They Form a Protein Complex
To ascertain whether Ana2 and Ctp interact with Mud, we generated various truncated Mud constructs and tested their potential interactions with Ana2 and Ctp using a yeast two-hybrid assay. Both the Mud N terminus 1-1126 aa and the Mud C terminus 1533-2457 aa interacted with Ana2 ( Figure 4A ). The Mud C terminus 1533-2457 but not the N terminus 1-1126 interacted with Ctp ( Figure 4A ). Neither Ana2 nor Ctp interacted with the Mud C terminus 1825-2457, which bound to Pins ( Figure 4A ). Therefore, both Ana2 and Ctp directly interacted with Mud independent of the Pins-binding domain. We found that Ana2, Ctp, and Mud were present in the same protein complex. Mud and Ctp were found in the same complex in embryos expressing Venus-Ctp ( Figure S4B ). Both Ana2 and Mud were coimmunoprecipitated with Ctp in larval brain extracts ( Figure 4C ) and in S2 cells ( Figure 4D ). The levels of HA-Ctp were increased dramatically (6.2-fold) when Myc-Ana2 was coexpressed in S2 cells ( Figure 4D , Input). Ana2 appeared to stabilize Ctp in a dose-dependent manner in S2 cells ( Figure S4A) . Mud was present in low abundance in S2 cells, and its levels were not influenced by the amount of Ana2 or Ctp ( Figure 4D, Input) . However, increased amounts of Mud protein were present in the immune complex with HA-Ctp when Myc-Ana2 was coexpressed ( Figure 4D ), suggesting that increasing Ctp recruited more Mud into the protein complex. 
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Ana2 and Ctp Regulate Spindle Orientation ''knobs'' (Figures 5E and 5E 0 ). In ctp À mutants Mud was dispersed on spindle microtubules (Figures 5F and 5F 0 , arrows; 35%, n = 100), away from CNN + centrosomes ( Figure 5F 0 ) or had a diffused localization ( Figure 5H ; 32%, n = 100). Consistently, Mud was delocalized in dhc64C mutant NBs (Figure S3K 0 ). Mud localization to the spindle poles/PCM was also diminished in ana2 À mutants ( Figure 5I ; 78%, n = 102), whereas Ana2 and Ctp localizations were unaffected in mud mutants (data not shown).
In addition to Mud delocalization from the spindle poles/PCM, cortical Mud during mitosis was also significantly reduced in mitotic ctp À ( Figure 5H ; 27%, n = 100) and ana2 À mutants (Figure 5I ; 58%, n = 100), whereas Pins remained asymmetrically localized ( Figures 5H and 5I) . Mud localization to the spindle poles/PCM but not to the cortex was retained in pins P62 larval brain NBs ( Figure 5J ), similar to embryonic NBs (Izumi et al., 2006) . To test whether Ana2 or Ctp was important for the interaction between Pins and Mud, we performed coimmunoprecipitation in ana2 À or ctp exc6 mutant larval brains. In ana2 phenotype was weaker than that of the ana2 mutant, any perturbations in the Mud-Pins interaction in the ctp exc6 mutant may have been undetectable by our assay. Therefore, we used insc-Ctp CAAX , ctp exc6 larval brains, in which spindle misorientation and Mud delocalization were more severe ( Figures 6B and  6D) , presumably due to sequestration of other dynein components. In insc-Ctp CAAX , ctp exc6 larval brains, the Mud-Pins interaction was strongly reduced ( Figure 4E ). Thus, Ana2 and Ctp appeared to be important for Mud cortical localization by facilitating/maintaining the Mud-Pins interaction.
Ctp Localization to Centrioles Is Important for Spindle Orientation and Mud Localization
To investigate whether the localization of Ctp to the centrioles was important for its function, we generated a membrane-targeted form of Ctp using the CAAX prenylation motif (Hancock et al., 1989 ) and fused it with Venus. Ctp CAAX localized strongly and uniformly to the plasma membrane of NBs without other visible localization to the centrioles or spindle microtubules (Figures 6A and 6A 0 ) . Ctp CAAX failed to rescue the spindle misorientation phenotype when introduced into the ctp exc6 mutant (Fig- ures 6B and 6B 0 ; 58% misorientation, n = 100). It also resulted in strong delocalization of Mud from the spindle poles and caused Mud to become weakly localized to the cytoplasm in the ctp exc6 mutant ( Figures 6D and 6D 0 ; 91%, n = 100), compared with the control ( Figures 6C and 6C 0 ; 3%, n = 100). In these cells the centrosomes were still assembled, as shown by the presence of Ana2 and g-tubulin ( Figures S6C-S6C 0 ) and CNN ( Figures  6D-6D 0 ), which did not overlap with the localization of Ctp CAAX .
To understand the dynamics of the Mud protein during asymmetric division, we generated transgenic Mud constructs and used them for live imaging. Mud is a very large protein, and its full-length cDNA could not be maintained stably in any plasmids. Therefore, we generated transgenic flies expressing a series of truncated Mud constructs including mudDR, mudDRT, mudN, and mudC, and fused them to myc (Figures S6D and S6E) . We found that among them, Myc-MudDRT showed a similar localization pattern to that of WT Mud localization in NBs ( Figure S6E ). Therefore, we generated a UAS-VenusMudDRT and expressed it using a tubulin-Gal4 driver because Venus-MudDRT was very weak when expressed using inscGal4. We monitored its spindle pole localization using fluorescence recovery after photobleaching (FRAP) in live imaging. Venus-MudDRT appeared to be moving from the cortex to the spindle pole ( Figure S6F and Movie S1). MudDRT was strongly reduced and appeared to be cytoplasmic in ctp À mutants (data not shown). These results suggested that Mud may be a cargo protein of the dynein complex. ctp mud double mutants displayed more severe phenotypes than either single mutant. Of metaphase NBs in the double mutant, 90% ( Figures 6G and 6G 0 ; n = 100) manifested spindle misorientation phenotype that was stronger than either the ctp exc6 (50%; n = 100) or mud 1 (44%; n = 100) single mutant ( Figures 6E-6F 0 ). Furthermore, the double mutant (42%, n = 100) exhibited more severe phenotypes in centrosome/spindle pole disassociation compared with the single mutants ( Figures  S5K-S5M ). This suggested that Ctp and Mud functioned together to regulate spindle orientation and spindle pole formation in NBs.
DISCUSSION
In this study we investigated the role of Drosophila Ana2 during NB asymmetric cell division, focusing on mitotic spindle orientation. We isolated two ana2 À alleles from our genetic screen that produced supernumerary NBs in larval brains and failed to properly align the mitotic spindle with asymmetrically localized proteins. We demonstrated that Drosophila Ana2 functioned as a tumor suppressor in a transplantation experiment.
Using ana2 mutants, we showed that Ana2 was important for centriole function. Ana2 interacted with Sas-6 through the C-terminal region of Ana2 (201-420 aa), which contains the conserved STAN motif and coiled-coil domain (Stevens et al., 2010) . Our data suggest that the N terminus of Ana2 (1-274 aa), which interacted with Ctp, a Ddlc1, was sufficient for its function in centriole assembly and spindle orientation. This is not in direct contradiction with the interaction between Ana2 and Sas6 because the C-terminal region of Ana2 (201-420 aa), which interacts with Sas-6, partially overlaps with the Ana2 N1 (1-274 aa). However, this result suggested surprisingly that the STAN motif may be dispensable for Ana2's function during centriole formation. The mammalian Ana2-related protein STIL, which also contains the STAN motif, was implicated in primary microcephaly, a neurodevelopmental disorder characterized by a reduced brain size (Kumar et al., 2009 ). The apparently disparate phenotypes reported for mammalian STIL and fly Ana2 during brain development are likely due to different developmental contexts. The reason that NB overproliferation occurs in ana2 mutants, but not in asterless (data not shown) or sas4 mutants with spindle or centriole defects (Basto et al., 2006) , may be due to the different behaviors of these mutants in ''telophase rescue'' (Cai et al., 2001 ), a phenomenon whereby proteins delocalized from the cortex during early mitosis are restored at anaphase/ telophase by a poorly understood compensatory mechanism. The spindle misorientation phenotype in ana2 mutants is much more severe than sas4 or asterless mutants (Figures S1I and S1J; Figures 2D and 2F for ana2 mutants) . Likely as a consequence of a relatively weak spindle misorientation phenotype, ''telophase rescue' still occurred in 100% of the asterless and sas4 mutant telophase NBs (data not shown), and all asymmetrically localized proteins were correctly segregated into different daughter cells. In contrast, in ana2 mutants ( Figure 2H ) or mud mutants (Bowman et al., 2006) , which have NB overgrowth in larval brains, asymmetrically localized proteins sometimes mis-segregate into different daughters at telophase.
Our RNAi screen identified Ctp, a cytoplasmic Ddlc1, as an important player in mitotic spindle orientation because ctp mutants displayed spindle misorientation during NB asymmetric division. We showed that ctp null mutants displayed spindle misorientation in NBs similar to that seen in ctp RNAi. We have noted that Ctp localized to centrioles in Drosophila. Ana2 directly bound and anchored Ctp to the centrioles during NB division. The centriole localization was important for Ctp function during spindle orientation because membrane-targeted Ctp CAAX failed to rescue the spindle misorientation phenotype in the ctp null mutant. The interaction between Ctp and Ana2 on the centrioles may be critical for dynein to organize astral microtubules and move its cargo proteins along the microtubules.
We also showed that a dynein component, Ctp, could bind directly to Mud, a protein downstream of heterotrimeric G protein signaling, that regulated spindle orientation. This interaction was conserved in vertebrates, as Xenopus NuMA, a Mud-related protein, also formed a complex with dynein (Merdes et al., 1996) . Ana2 and Ctp were important for spindle pole localization of Mud during spindle orientation in NBs, whereas Mud was not required for centriolar localization of Ana2 or Ctp. We also showed that Ana2 also directly interacted with Mud. These data suggested that Mud may be an important downstream target of Ana2 and Ctp during spindle orientation. Ana2, Ctp, and Mud were also found in the same protein complex in vivo and in vitro. We showed that Mud was involved in spindle pole/centrosome engagement, which had not been reported in previous analyses of Mud function (Bowman et al., 2006; Izumi et al., 2006; Siller et al., 2006) . Ana2 and Ctp also played a similar role during spindle pole/centrosome attachment. Together, our data indicate that the Ana2, Ctp, and Mud complex functioned to regulate spindle pole assembly and spindle orientation during asymmetric division of NBs.
Apical/basal spindle orientation is controlled by a two-step mechanism: an early, centrosome-dependent alignment and a later spindle-cortex interaction Rusan and Peifer, 2007) . Our data indicated that Ana2 was not only critical for the early, centrosome-dependent step, but also for the later spindle-cortex interaction. Although the loss of Ana2 or Ctp function did not affect Pins asymmetric localization in NBs, Ana2 and Ctp appeared to be important for the interaction between Pins and Mud in larval brains because the Pins-Mud interaction is diminished in ana2 or insc-Ctp CAAX , ctp À mutant larval brains. These findings suggested that the Dynein-Dynactin complex cooperated with the centriolar protein Ana2 to mediate the spindle-cortex interaction. The spindle-cortex interaction may require the ''search and capture'' mechanism, driven by the plus-end microtubulebinding protein EB1 and Dynein-Dynactin complex (Berrueta et al., 1999) . We speculate that Ana2 and Ctp may be involved in such a ''search and capture'' mechanism during apicobasal spindle orientation. Our data suggested that a multiprotein complex composed of Ana2, Ctp, and Mud was critical during the regulation of spindle orientation. Ana2 and Ctp regulated Mud localization on centrosome/spindle poles as well as on the cell cortex, whereas the heterotrimeric G protein pathway was only important for cortical Mud localization (Bowman et al., 2006; Izumi et al., 2006; Siller et al., 2006) . Thus, the centrosomal Ana2/ Ctp/Mud complex converged with the heterotrimeric G protein pathway during spindle orientation ( Figures 6H and 6I) . Very little is known about the molecular mechanisms by which centrosomal proteins regulate spindle orientation. Aur-A, a PCM protein, was shown to phosphorylate Pins on S436 of the Pins Linker domain, which is required for accurate spindle orientation (Johnston et al., 2009) . Our findings suggest important functional links among the centriolar protein Ana2, the dynein complex, and Mud during asymmetric division of NBs. This raises the possibility that a similar mechanism whereby centrosomal proteins interact with dynein complexes to mediate cortical protein localization may exist during asymmetric division and stem cell selfrenewal in mammals. RNAi Center); dsas-4 l(3)s2214 , pUbiquitin-a-tubulin-GFP and pUbiquitin-GFP-Fzr (J. Raff); all other fly stocks from Bloomington Stock Center.
Generation of Ana2 Polyclonal Antibodies
Two peptides from Ana2-coding sequence (ETEDMLPRLAPRPS and ELALKYLRQPVDELMKDMR) were coinjected into two rabbits and affinity purified by Open Biosystems (Huntsville, AL).
MARCM Analysis
To generate MARCM clones, larvae were heat shocked at late first instar for 90 min at 37 C, and heat shocked for the second time 10-16 hr later after recovered at 25 C. Larvae were dissected at the third instar and processed for immunohistochemistry.
Time-Lapse Recording
Time-lapse recording is performed as described (Januschke and Gonzalez, 2010) . Whole-mount brains were analyzed using an ANDOR Revolution spinning disc system using a 603, 1.4NA objective on an IX61 Olympus microscope or a 403 objective on a LSM 700 confocal.
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